Mangosteen (Garcinia mangostana L.) is widely cultivated for its prized fruit, but its origins are unclear as this crop has not been found in the wild. Seashore mangosteen (Garcinia celebica L.) has been proposed as a candidate ancestral species for the mangosteen male parent in a hypothesized hybridization event, yet the functionality of G. celebica male organs in perfect flowers has not been characterized. The objective of this study was to describe pollen development in G. celebica using light microscopy, scanning and transmission electron microscopy techniques. Male gametophyte development led to viable pollen at anthesis. The tapetum was of the secretory type, and it started to degrade following meiosis II, which corresponded to the complete encasement of a callose wall around the microspore tetrad. Pollen viability, demonstrated with 2,3,5-triphenyl tetrazolium chloride (TTC) assays, was 68%. An in vitro pollen germination assay was developed, and the rate of germination was remarkably similar to the viability (68%). Male functionality was clearly confirmed by both the high rate of pollen viability and germination. The occurrence of stigmatic exudates on pistillode and its pollen features are consistent with biotic pollination. The perfect flower of G. celebica is thus a functional male flower.
Garcinia celebica L. (syn. G. hombroniana Pierre) is commonly known as "seashore mangosteen" due to its distribution and morphological characteristics that resemble mangosteen (G. mangostana L.), one of the most economically important fruits in tropical regions (Nazre 2010) . Garcinia celebica belongs to the Garcinia in the Clusiaceae (Guttiferae) family, and it is widely distributed from coastal areas to highlands in Thailand, Borneo, Cambodia, Vietnam, Malaysia, Andaman, and Nicobar island (Nazre 2010; Lim 2012) . Garcinia celebica is salt-tolerant and adapted to sandy and rocky soils, and diverse climatic conditions (Lim 2012) . Morphologically, this species has been suggested to be one of mangosteen's ancestors by Richard (1990a) , who hypothesized that G. mangostana is an allopolyploid derived from natural hybridization between G. celebica and G. malaccensis.
This hypothesis is currently being tested by several researchers using molecular techniques, and most studies suggested that G. celebica was phylogenetically more distant from G. mangostana than G. malaccensis (Yapwattanaphun and Subhadrabandhu 2004; Sobir et al 2011; Abdullah et al 2012) . Moreover, Nazre (2014) has recently proposed that the origin of mangosteen might be either from hybridization between different G. malaccensis cultivars or from multiple superior selections of different G. malaccensis female populations in Peninsular Malaysia.
In addition to the general morphological characteristics and genetic analysis of Garcinia phylogeny, the reproductive system must also be considered (Barrett 2002) , and details for the reproduction of G. celebica should first be clarified. Most Garcinia species are reported to be dioecious, in which male and female flowers are produced on distinct individuals (Richards 1990b) . Field observations have revealed that G. celebica bears perfect flowers with numerous stamens surrounding the pistillode. Female flowers on separate trees have been observed to undergo both sexual and asexual reproduction, as they may produce D r a f t 4 seed without fertilization (apomixis), i.e. they show facultative agamospermy/facultative apomixis (Richards 1990b; Gardner et al. 2015) . However, several cases of dioecious species including some apomictic plants have been shown to produce nonfunctional male organs with either degenerated or inaperturate pollen in a perfect flower. For instance, G. mangostana has sterile anthers with pollen degradation at the microspore mother cell stage (Yapwattanaphun et al. 2008; Nuanjunkong and Meesawat 2010; Sutthinon et al. 2013) . Meanwhile, Mammea (Clusiaceae) (Dunthorn 2004) and Nyssa yunnanensis (Sun et al. 2009 ) produce pollen grains without germ pores, leading to an inability to germinate. To investigate the male functionality of G. celebica as a candidate species for the paternal parent of G. mangostana, male organs of perfect flowers of G. celebica were examined. Pollen development and pollen features including viability and germination were also tested to clarify the evidence for male functionality and type of reproductive system. Demonstration of the functional quality of G.
celebica pollen could open future opportunities to enable crop improvement and breeding systems (Dafni and Firmage 2000) , particularly for backcrosses between G. mangostana and G. celebica and/or G. malaccensis.
Materials and methods

Characteristics during pollen development of G. celebica
Histological examination
Flower buds of G. celebica (ranging in size from 0.1 to 1.0 cm in diameter) at different developmental stages and at anthesis were collected from Kho Hong Hill, Songkhla Province, Thailand (March-April). The voucher specimen of G. celebica (Psutthinon 01) was deposited in the International Herbarium-PSU (Department of Biology, Faculty of Science, Prince of Songkla University). All samples were prepared for light microscopy (LM) using a classical D r a f t 5 histochemistry paraffin technique (Ruzin 1999) . Fresh samples were fixed in Petrunkewitch's fixative (125 ml of 40% alcohol, 27.5 ml glacial acetic acid, 2.5 ml concentrated nitric acid, and mercuric chloride) for 48 h, washed with distilled water 3 times, dehydrated with a tertbutyl-ethyl alcohol series (5%,10%,20%,30%,50%,70%,85%,95% and 100%), infiltrated, and embedded in histoplast (Leica Biosystems, Singapore). The samples in paraffin blocks were cut, using a rotary microtome, into 6-8 µm thick sections, which were stained with Delafield's Hematoxylin and Safranin for histological observation using an Optika B-380 microscope (Optika, Bergamo, Italy). To localize the callose of the cell wall, the paraffin sections were stained with 0.05% Aniline blue in 0.15 M phosphate buffer (pH 8.2) and observed with fluorescence microscopy (excitation at 370 nm; emission at 509 nm) (Ruzin 1999) . The number of nuclei in mature pollen grains was also examined by DAPI (4′,6-Diamidine-2′-phenylindole dihydrochloride) staining. The fresh pollen grains were placed on a depression slide. A few drops of DAPI (5 µg ml -1 ) were added to the distilled water.
Samples were covered with a coverglass and observed using fluorescence microscopy (excitation at 358 nm; emission at 461 nm). Section materials were photographed using an
Olympus BX-51 microscope with a DP-72 digital camera (Olympus corporation, Tokyo, Japan).
Scanning electron microscope (SEM) observation
The perfect flowers of G. celebica were collected at anthesis by removing sepals and petals, and mounted on a SEM stub. This stub was coated with gold at 40.8 nm using SPI-Sputter
Coater (STI supplies, West Chester, USA). Photographs were taken using a FEI Quanta 400
(SEM-Quanta) (FEI company, Czech Republic) at 15-20 kV.
D r a f t 6
Transmission electron microscope (TEM) observation
The flower buds (1.0 cm in diameter) were collected to capture pollen development. The dissected anthers containing pollen grains were pre-fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer solution (PBS) (pH 7.2) at room temperature for 3 h, and washed three times with 0.1 M PBS for 5 min each. The pre-fixed samples were post-fixed in 1% osmium tetroxide for 1-2 h followed by rinsing with distilled water 3 times (5 min each) and stained with 5% uranyl acetate (Electron Microscopy Sciences, Pennsylvania, USA) for 20 min. The post-fixed samples were dehydrated using a graded ethyl alcohol series (70 %, 80 %, 90 % and 100 %) for 15 min at each step in the process. Samples were then embedded in a hardening epoxy resin, Epon-812 (Electron Microscopy Sciences, Pennsylvania, USA). The ultrathin sections (100 nm) were cut with a diamond knife (DiATOME Ltd., Nidau, Switzerland) followed by double staining with 5% uranyl acetate and lead citrate (Electron Microscopy Sciences, Pennsylvania, USA) for 10 min and 5 min, respectively. After rinsing with distilled water, grids were dried, and imaged using a JEM-2010 TEM (JEOL Ltd., Tokyo, Japan).
Pollen viability and germination of G. celebica
Pollen viability by 2,3,5-triphenyltetrazolium chloride (TTC) test
Flowers at anthesis were randomly collected in the morning (at 9 a.m.) from G. celebica 
In vitro pollen germination
Pollen grains combined from 24 flowers per a tree were suspended in a drop (20 µl (Brewbaker and Kwack 1963) supplemented with different concentrations of sucrose (0, 10, 20, 30 and 40 %) on depression slides, placed in a humid chamber, and kept in the dark. The experiment was conducted with five treatments (sucrose concentrations) and three replicates (individual trees). Pollen grains having a pollen tube length that was at least equal to or greater than the pollen diameter were defined as germinated pollen (Shivanna and Rangaswamy 1993) . These germinated pollen grains were counted from ten arbitrarily selected microscopic fields every hour until the germination percentage was stable. The callose wall of germinated pollen grains was also localized by staining with 0.05% Aniline blue in 0.15 M phosphate buffer (pH 8.2) (Shivanna and Rangaswamy 1993) and examination under a fluorescence microscope (excitation at 370 nm; emission at 509 nm; Olympus BX-51 microscope with DP-72 digital camera; Olympus Corporation, Tokyo, Japan).
Results
Features during pollen development of G. celebica
The first indication of pollen development in the perfect flowers of G. celebica (Fig.   1A ) were premeiocytes, which are large microsporogenous cells with dense cytoplasm (Fig.   1B) . MMC was the subsequent stage of development (Fig. 1C) , with a thick layer of callose confirmed by Aniline blue staining (Fig. 1D ). After meiosis, numerous microspore tetrads
(the four haploid microspores) were released from each MMC (Fig. 1E) . Prominent tapetal cells contained dense cytoplasmic contents (Fig. 1E ). Several individual microspore tetrads were completely encased by thick callose walls, which were also remarkably visible with fluorescence microscopy (Fig. 1F) . These microspore tetrads then separated into free microspores. At the early stages of microspore development, the appearance of uninucleate microspores, and tapetal wall dissolution, could be observed (Fig. 1G ). The tapetal cell wall disappeared, and protoplasts were only retained in the parietal portion of the locule (Fig. 1G, arrowhead). The late stages of microspore development were defined by polarized uninucleate microspores (Fig. 1H, arrowhead) . Although the degradation of tapetum was almost completed, only a few tapetal cells remaining in the locule were found at this stage ( Fig. 1I, arrowhead) . Before anther dehiscence, free microspores underwent mitosis to form the young pollen grain with two nuclei (Fig. 1J ). The degeneration of the tapetum was complete at the next stage, characterized by its absence (Fig. 1K, arrowhead) . At pollen anthesis, the DNA-specific fluorochrome DAPI revealed the bicellular nature of the pollen grains. The pollen grains also exhibited both a crescent-shaped generative nucleus and a spherical vegetative nucleus (Fig. 1L ).
At the anther dehiscence phase ( Fig. 2A) , SEM permitted observation of both stigma and pollen. Exudates were observed on stigmatic surface of pistillodes, and also extended to some surrounding anthers (Fig. 2B, arrowhead) . Pollen grains, approximately 28-30 µm in diameter, were shed singly, i.e. as suboblate monads (Fig. 2C) . In a TEM transverse section, triporate pollen with three wall thickenings (Fig. 2D, arrowhead) was observed. There were two distinct parts to the pollen wall: exine and intine (Fig. 2E, F) . The exine layer consisted of endexine, the thin layer wall close to the intine which is sometimes called the foot layer, and the ektexine where the outer sculptured projection formed. The clavate sculpture was defined by club-shaped elements of ektexine that were 1 µm high, with a thicker diameter at D r a f t 9 the apex than the base (Punt et al. 2007 ). Next to the exine, the intine layer was adjacent to the microspore cytoplasm (Fig. 2F ).
Pollen viability and germination
Pollen viability was assessed using the 2,3,5-triphenyltetrazolium chloride (TTC) test, in which viable pollen grains stained deep red (Fig. 3, arrowhead) . The results demonstrated that 68±6% pollen grains in BK supplemented with 20% and 30% sucrose started to germinate at 3 h after culturing (Fig. 4) . The emergence of the pollen tube was detected at the germ pore by Aniline blue staining (Fig. 5A ). These pollen grains grew rapidly and stabilized at approximately 10-12 h (Fig. 4) . In contrast, germination of pollen in BK with 10% sucrose was initiated at 5 h, and no germination was found in BK containing 0% and 40% sucrose (Fig. 4) . At the stationary phase (12 h), the maximum germination rate achieved in pollen grown in BK medium with 20% sucrose was 68±6%, with long pollen tubes produced (Fig.   5B,C) . The germination percentages of pollen grains in BK medium with 30% and 10% sucrose were 6.8±0.3% and 3±0.1%, respectively.
Discussion
According to the histological results presented in this study, the perfect flower of G. celebica undergoes typical male gametophyte development with viable pollen production at anthesis.
The tapetum is of the secretory type, defined by the absence of a cell wall, and the tapetal protoplasts remaining in the parietal position of the locule until its complete degeneration (Pacini and Juniper 1979; Shivanna 2003) . This type is considered to be a primitive characteristic due to its widespread occurrence in gymnosperms and angiosperms (Sharma et al. 2015) . The breakdown of tapetum took place after meiosis II, which corresponds with the complete encasement of callose walls around microspore tetrads. This degeneration of the tapetum is normally classified as a type of programmed cell death (PCD) (Papini et al. 1999 ), D r a f t and it has been recently reported that PCD in the tapetum of Brassica napus and Nicotiana tabacum are regulated by epigenetic changes, including an increase in global DNA methylation and MET1 expression (Solı´s et al. 2014) . As a result, G. celebica provides a normal pattern of pollen and tapetum development because the onset of tapetum degradation shares similarities with observations of most angiosperms, including as Brachypodium distachyon (Sharma et al. 2015) , Oryza sativa (Raghavan 1988) , and Arabidopsis thaliana (Owen and Makaroff 1995) . In contrast, the tapetum of G. mangostana began to degrade prior to meiosis, premature microspore mother cell degeneration was observed, microspore tetrads with complete callose deposition were rarely detected, and no pollen was observed at anthesis (Yapwattanaphun et al. 2008; Nuanjunkong and Meesawat 2010) . The potential for the defective tapetum to affect microspore dissolution in G. mangostana has been proposed (Yapwattanaphun et al. 2008; Nuanjunkong and Meesawat 2010) , as a similar trend has been observed in male sterile lines of many crop species such as tobacco (Worrall et al. 1992 ), tomato (Polowick and Sawhney 1993) , and citrus (Hu et al. 2007 ). This is because the tapetum is believed to act as the major tissue synthesizing essential callase for breaking down callose walls surrounding the microspore tetrad. If tapetal degeneration occurs early, callase can damage microspore mother cells by digesting its callose wall, leading to the formation of naked meiocytes which soon degrade (Shivanna 2003) .
At anthesis, bicellular pollen was clearly visible using DAPI staining. Depending on the species, the two sperm cells can generally be formed either before or after landing on the stigma (Shivanna 2003) . In addition to the number of nuclei, the important characteristics of G. celebica pollen related to its pollination biology were its triporate structure and clavate ornamentation. The triporate character potentially indicated an ability to germinate, as some perfect flowers in the Clusiaceae, e.g. Mammea, yielded inaperturate pollen grains with poor germination (Dunthorn et al. 2004 ). The three apertures, commonly found in a large number D r a f t 11 of dicotyledonous plants, may originate from the three connected surfaces of microspores at the tetrad stage (Shivanna 2003) . Furthermore, the clavate ornamentation of pollen exine conforms to the hypothesis on the relationship between the pollen surface and pollination where sculptured pollen grains are related to biotic pollination (bee, insects, or bat) while smooth pollen grains are associated with abiotic pollination (wind or water) (Tanaka et al. 2004; Sannier et al. 2009 ). This idea is consistent with a previous report on the pollination biology of G. celebica, which found that both male and female flowers are commonly visited by Trigona, a group of social bees abundant in the tropical forests of south east Asia (Richards 1990a) . Not only Garcinia species from South East Asia but also a species from the Amazon and Atlantic rainforests, G. brasiliensis, appears to be pollinated by Trigona (Trigona spinipes) (Leal et al. 2013 ). The sculptured pollen surface was hypothesized to promote the adherence of pollen grains to pollinator's body (Sannier et al. 2009 ).
Besides pollen architecture, stigmatic exudates would also assist with pollenpollinator adhesion. Among Garcinia, stigmatic exudates have been reported in female flowers of G. mangostana, G. cowa, G. cantleyana (Richards 1990a) , and the hermaphrodite flower of G. atroviridis (Pangsuban et al. 2007 ). Three main functions of exudate secretions in Garcinia have also been proposed: providing nectar rewards, pollen-pollinator attachment, and forming media for pollen germination (Richards 1990a) . For the perfect flower of G.
celebica, a role of stigmatic exudates as a germination medium is unlikely, since female sterility occurs in this type of flower.
Quantification of pollen viability and pollen germination are important lines of evidence to support male functionality in G. celebica. Results from both the TTC viability assay (68%) and in vitro pollen germination (68%) techniques were remarkably consistent.
High pollen viability has also been reported in several Garcinia male flowers such as G. (Sutthinon et al. 2013 ).
The most effective conditions for G. celebica pollen germination were BK medium containing 20% sucrose for 10-12 h. This is consistent with earlier studies demonstrating that sucrose is an important component for in vitro pollen germination (Honsho et al. 2007 ). This optimal sucrose concentration is due to the essential role sucrose plays in nutrient provision and environmental osmotic maintenance (Baloch et al. 2001) . Even though it has been suggested that bicellular pollen requires a low level of sucrose (10-15%) (Shivanna 2003) , our bicellular pollen samples had maximum germination at a high sugar concentration (20%).
This may be due to other BK components that promote germination, especially boron and calcium (Brewbaker and Kwack 1963; Pua and Davey 2010) . Based on preliminary results from pollen germination of G. celebica, lack of boron and calcium produced poor germination. A deficiency in these minerals has been correlated with a low germination rate, and high degrees of coiling, swelling or bursting of the pollen tubes (e.g., Durio zibethinus and Areca catechu) (Shivanna and Rangaswamy 1993; Honsho et al. 2007; Liu et al. 2013 ).
These effects reflect boron's roles in metabolism and cell wall integrity, such as in Curcurbita pepo and Nicotiana tabacum (Hu and Brown 1994; Bhowmik and Datta 2012) .
Moreover, boron deficiency was suggested to result in production of a phenolic compound, which is a growth inhibitor, and in alterations in the concentration and distribution of acidic pectin of Picea meyeri pollen tubes (Wang et al. 2003) . Meanwhile, calcium has been reported to control permeability of pollen membranes and the rigidity of pollen tube walls by binding pectic carboxyl groups (Shivanna 2003) .
The optimal conditions for germination including humidity and incubation time were also important, and are specific among species (Dafni and Firmage 2000) . The conditions for D r a f t 13 in vitro germination must correlate with the stigma and style environment (Shivanna and Rangaswamy 1993; Dafni and Firmage 2000) . The amount of pollen tube growth in the style determines the fruit and seed set efficiency (Shivanna and Rangaswamy 1993 179x45mm (300 x 300 DPI)
